Introduction {#S0001}
============

Curcumin (diferuloylmethane), a yellow pigment in the spice turmeric which is used for decades for medicinal purposes and a wide range of research has been developed for better understanding of various properties of this miraculous compound specially in Asian countries.[@CIT0001],[@CIT0002] However, curcumin is used in treatment of several disorders such as Rheumatoid Arthritis (RA), infection diseases, atherosclerosis and Cancers.[@CIT0003],[@CIT0004] The pharmacodynamics and pharmacokinetics of curcumin have been examined in animals and in humans. Curcumin illustrates its anti-inflammatory effects by downregulation of inflammatory transcription factors (like nuclear factor kB), enzymes (like cyclooxygenase 2 and 5 lipoxygenase) and cytokines (like tumor necrosis factor, interleukin 1 and 6).[@CIT0001],[@CIT0005],[@CIT0006] Because of the crucial role of inflammation in most chronic diseases, the potential effect of curcumin has been examined in neoplastic, neurological, antiproliferative, anti-invasive, and antiangiogenic agent cardiovascular, pulmonary and metabolic diseases. Various pharmacological aspects of curcumin in vitro and in vivo are discussed by other scientist.[@CIT0007],[@CIT0008]

Rheumatoid arthritis (RA) is characterized by chronic synovial inflammation and hyperplasia, and progressive destruction of cartilage and bone, ultimately leading to irreversible joint damage. Curcumin also possesses antirheumatic and anti-arthritic properties which has been shown to inhibit collagen and growth of synovial fibroblasts obtained from patients with RA by the induction of apoptosis via the up-regulation of pro-apoptotic Bax as well as down-regulation of anti-apoptotic Bcl-2 and the XIAP.[@CIT0009]--[@CIT0011]

In general, the orally used drugs for the treatment of RA are absorbed via gastrointestinal tract. Their prototype or active metabolites are accumulated in the target tissue/cells to regulate immune balance or counteract inflammatory reaction to help to relief of arthritis. However, there are still some natural products such as ginsenoside Rb1, berberine, madecassoside and curcumin which would substitute to these drugs. These natural components though have low bioavailability; they are indeed capable to reduce RA.[@CIT0012]--[@CIT0014] There is no reasonable explanation for these pharmacodynamics--pharmacokinetics paradoxes.[@CIT0015]

Oxygen free radicals are molecules comprising one or more unpaired electrons in their outermost shells, forming in aerobic cellular metabolism. Reactive free radicals could bind to different molecules and lead to damage to nucleic acids, proteins, and lipid membranes. Under physiological conditions, free radicals can be affected and destroyed by the antioxidant defense system. Various natural antioxidants are able to scavenge free radicals and prevent oxidative damage.[@CIT0016],[@CIT0017] Natural antioxidants such as methionine sulfoxide reductase (MSR), catalase, superoxide dismutase (SOD), and glutathione peroxidase can exist in enzymatic antioxidants form. In addition, there are food-derived antioxidants such as vitamin A, C, E, carotenoids, and curcumin etc.[@CIT0017]--[@CIT0019]

Referred to previous paragraph, reactive oxygen species (ROS) such as superoxide anions (O^2-^), hydroxyl radicals (OH^-^) and hydrogen peroxide (H~2~O~2)~ contribute to damage to biomolecules like DNA, protein and membrane lipids. Superoxide is converted to hydrogen peroxide via SOD. Either Catalase or Glutathione peroxidase converted hydrogen peroxide to water.[@CIT0020],[@CIT0021]

As mentioned above, aerobic respiration causes the production of reactive oxygen species (ROS), which leads to the oxidation of methionine. This is followed by the generation of diastereomeric mixtures named Methionine-S-sulfoxide (Met-S-SO) and Methionine-R-sulfoxide (Met-R-SO). Two essential enzymes are needed with combined action for reduction of these sulfoxides, with Methionine-S-sulfoxide reductase (MSRA) \[for Met-S-SO\] and Methionine-R-sulfoxide reductase (MSRB) \[for Met-R-SO\]. Suggested functions which can enumerate for these enzymes include repair of protein oxidation damages, regulation of protein function and elimination of oxidants via reversible formation of methionine sulfoxides.[@CIT0022],[@CIT0023]

Methionine bound residues in proteins are highly prone to oxidation by reactive oxygen species (ROS), resulting in formation of methionine sulfoxide \[Met (O)\] residues. However, this oxidation can be repaired by methionine sulfoxide reductase (MSRA), which replaced met(O) with met.[@CIT0024] The MSRA protein is highly expressed in liver, kidney, pigment epithelial cells of the retina, macrophages, cerebellum, and brain neurons. These tissues/cells are the most vulnerable ones to oxidative stress damages. Thus, the MSRA enzyme suppression could lead to loss of antioxidant defense, bringing about oxidative damage and a shorter lifespan. To assess the antioxidant function of MSRA in mammals and its possible influence on lifespan, they created a strain of mouse lacking the MSRA protein.[@CIT0023]

Despite several studies related to effect of curcumin on inflammation resulted from arthritis, there are few studies about antioxidant properties of curcumin.

However, we have designed this study to find out whether or not curcumin can exert its effect on arthritis via interfering with the gene expression and protein level of MSRA and other antioxidant enzymes such as SOD, Cat and GPx.

Materials and methods {#S0002}
=====================

In this study 50 male Wistar rats, weighing about 210--225 g were obtained from the animal research facilities of the Fasa University of Medical Sciences. The rats were kept in a fully ventilated room under the standard conditions of temperature, light and humidity, they were fed with standard plates and water ad libitum.

All animal experiments were carried out by following the animal ethical guidelines and regulation of Fasa University of Medical Sciences (Ethical code number IR.FUMS.REC.1395.196).

Rats were randomly divided into five groups of ten each as follows:

1.  Control group received normal food and water

2.  Placebo group in addition to normal diet and water received vehicle (saline)

The experimental rats (arthritis) were sub-divided into three groups:

1.  Arthritis induced rats received normal diet and water with no curcumin treatment(Exp.1)

2.  Arthritis induced rats treated with 1 g/kg of curcumin (Exp. 2)

3.  Arthritis induced rats treated with 2 g/kg of curcumin (Exp. 3)

The rats were treated with curcumin by gavage feeding for fourteen days after inflammation was confirmed caused by adjuvant injection.

Induction of arthritis {#S0002-S2001}
----------------------

Freundʼs Complete Adjuvant (FCA) was obtained from Sigma-Aldrich Company. The adjuvant induced arthritis (AIA) models were carried out by the method described in other studies. Briefly, the model was induced by a single injection of 0.1 ml of FCA into the plantar skin of the hind paw. Arthritis induced from day 1 in experimental animals by injection of 0.1 ml complete Freundʼs adjuvant (FCA consisted of 6 mg mycobacterium butyricum being suspended in heavy paraffin oil to give a concentration of 6 mg/ml) in sub plantar region of hind paw.[@CIT0025],[@CIT0026]

paw volume measured on first, 7th and 14th days interval. The mean changes of edema in each group (n=10) were compared with control. Body weight measured weakly in all groups by digital balance.

RNA extraction {#S0002-S2002}
--------------

Fresh portion of rat liver dissected and placed in the RNase-free microtubes and then RNAs were extracted from tissues using TRIZOL reagent according to the instructions of manufacturer and were qualified by measuring absorbance on A260/280 nm by NanoDrop (Thermo scientific ND-2000c USA).

cDNA synthesis and quantitative real-time PCR(qRT-PCR) {#S0002-S2003}
------------------------------------------------------

Total RNAs from control, placebo and experimental groups were reverse transcribed using TAKARA Synthesis Kit (Takara Japan) and the manufacturer's instructions. Real-time PCR was performed using SYBR\* Premix ExTaq^TM^ II (Takara co., Ltd), produced cDNA and proper primers ([Table 1](#T0001){ref-type="table"}). The housekeeping gene (β-actin) was used for normalizing the amplification. Relative changes in gene expression were calculated using the ΔΔCt (threshold cycle) method. Fold change values were calculated using the formula 2^−ΔΔCt^.Table 1primer sequencesGeneSequence of the selected primer pair (nucleotide)Β-actinForward: 5ʹ-AAGGCCAACCGTGAAAAGAT-3ʹ\
Reverse: 5ʹ-ACCAGAGGCATACAGGGAC-3ʹMSRAForward: 5ʹ-TTGGAATGGGCTGCTTCTGG-3ʹ\
Reverse: 3ʹ-GTAGGTGGGATTGCGTGTGT-5ʹ

Anti-oxidant enzymes level analysis {#S0002-S2004}
-----------------------------------

The antioxidant level was determined spectrophotometrically using MSRA, SOD, CAT and GPx analysis ELISA kits (ZelBio Germany).

Statistical analysis {#S0002-S2005}
--------------------

All the data was expressed as mean ± standard deviation (SD). The means of various parameters of control and experimental animals were compared using ANOVA & Tukey post-hoc test for statistical significance. *P*≤0.05 was considered to be statistically significant.

Results {#S0003}
=======

Paw swelling {#S0003-S2001}
------------

Our data demonstrated that control and placebo paw swelling did not change significantly over the experimental period ([Figure 1](#F0001){ref-type="fig"}). In contrast to this, paw measurements rose sharply in the first three days after injection of adjuvant in arthritis induced rats in three experimental groups (*P*≤0.05). This was followed by a continuous decrease after gavage with curcumin during the time frame in Exp. 2 and 3 (*P*≤0.05). As for Exp. 1, it was not the same. The swelling size was as big as 8 millimeters three days after induction.Figure 1Effect of curcumin on paw measurements in arthritis induced rats. Exp. 1 group without any curcumin treatment. Exp. 2 group with 1 g/kg curcumin treatment. Exp. 3 group with 2 g/kg curcumin treatment. *P*≤0.05. Results are presented as mean±SD, n=10 (all Exp. groups are AIA models via FCA).

Weight changes {#S0003-S2002}
--------------

Experimental groups lost weight after arthritis induction in the first few days. However, the Exp. 2 and 3 recover the weight lost in last week of the experimental period, ultimately at the end the weight changes between the groups were not significant ([Figure 2](#F0002){ref-type="fig"}).Figure 2Effect of curcumin on weight changes of arthritis induced rats. Exp. 1 group without any curcumin treatment. Exp. 2 group with 1 g/kg curcumin treatment. Exp. 3 group with 2 g/kg curcumin treatment. day0: weight of rats in day 0. day5: weight of rats in day 5. day14: weight of rats in day 14. *p*≤0.05. Results are presented as mean±SD, n=10 (all Exp. groups are AIA models via FCA).

Gene expression and protein levels {#S0003-S2003}
----------------------------------

Gene expression and protein level in Exp. 1 decreased exponentially as compared with the control group. Our findings also showed that mRNA expression ([Figure 3](#F0003){ref-type="fig"}) and protein level ([Figure 4](#F0004){ref-type="fig"}) of MSRA in Exp. 2 and 3 was increased significantly (*P*≤0.05) when compared with the control and placebo.Figure 3Effect of curcumin on gene expression of MSRA in arthritis induced rats (decreasing in the ΔCT shows the gene expression increment).Figure 4Effect of curcumin on Methionine Sulfoxide Reductase A (MSRA) levels. Exp. 1 group without any curcumin treatment. Exp. 2 group with 1 g/kg curcumin treatment. Exp. 3 group with 2 g/kg curcumin treatment. \**p*≤0.05. Results are presented as mean±SD, n=10 (all Exp. groups are AIA models via FCA).

On the other hand, anti-oxidant enzymes such as SOD, CAT and GPx levels were assessed in rat's plasma. Our results depicted that SOD level in Exp. 1 was reduced moderately. However, the Exp. 3 after treatment with curcumin showed a significant elevated levels of SOD compared to the other groups as exhibited in [Figure 5](#F0005){ref-type="fig"}.Figure 5Effect of curcumin on Superoxide dismutase (SOD) level. Exp.1 group without any curcumin treatment. Exp. 2 group with 1 g/kg curcumin treatment. Exp. 3 group with 2 g/kg curcumin treatment. Results are presented as mean±SD, n=10, \**p*≤0.05 (all Exp. groups are AIA models via FCA).

The CAT levels in Exp.1 has dramatically fall of 4.5 U/ml, Which was showed the least amount of CAT levels, but In contrast, the curcumin treated rats showed an increase CAT level exponentially in Exp. 2 and 3. Meanwhile, the increasing pattern was much higher in Exp. 2

(*p*≤0.05) over Exp. 3 ([Figure 6](#F0006){ref-type="fig"}). We illustrated in [Figure 7](#F0007){ref-type="fig"} that GPx level for control and placebo groups was approximately the same, whereas Exp. 1 decreased sharply, But the Exp. 2 and 3, after treatment with Curcumin, inversely raised in the GPx level significantly.Figure 6Effect of curcumin on Catalase (CAT) level. Exp. 1 group without any curcumin treatment. Exp. 2 group with 1 gr/kg curcumin treatment. Exp. 3 group with 2 g/kg curcumin treatment. Results are presented as mean±SD, n=10, \**p*≤0.05 (all Exp. groups are AIA models via FCA).Figure 7Effect of curcumin on Glutathione peroxidase (GPx) level. Exp. 1 group without any curcumin treatment. Exp. 2 group with 1 g/kg curcumin treatment. Exp. 3 group with 2 g/kg curcumin treatment. Results are presented as mean ±SD, n=10, \**p*≤0.05 (all Exp. groups are AIA models via FCA).

Discussion {#S0004}
==========

The present study was assessed the anti-inflammatory role of curcumin related to arthritis which was induced in rats by the method mentioned. Curcumin is normally associated with the wide range of biological activities. Recently, multiple features such as anti-inflammatory and anti-oxidant effects have been identified for it. Curcumin prevented many age related diseases like arthritis, artherosclerosis, Alzheimer's and Parkinson's.[@CIT0021],[@CIT0027],[@CIT0028]

Our findings demonstrated that curcumin's effects were somehow dose-dependent. All experimental rats experienced a significant increase in paw measurements in first three days after adjuvant injection. It is interesting to note that both Exp. 2 and Exp. 3 groups which treated with curcumin (1 and 2 g/kg respectively) revealed a sharp continuous decrease in paw measurements to the end of experimental period. These results indicated that the change in paw swelling might contribute to the anti-inflammatory activity of curcumin. More recently, Zheng et al noticed that the paw swelling rates (PSRs) of rats treating by curcumin or methotrexate (MTX) \[disease modifying antirheumatic therapy for RA\] resulted a marked decline in AIA rats.[@CIT0026] Also, Castilhos et al estimated the possibility of arthritis induction as mechanical sensitivity and paw thickness of each rat. Therefore, rose in mechanical sensitivity and paw thickness were considered as sign of the inflammatory process.[@CIT0025]

In our experiments the weight lost observed in experimental groups might stem from inflammation or loss of appetite. Apart from a decrease in rat's weigh in the first half of the experiment, the Exp2 and Exp3 were then started to gain weight in the second half of the period compared with the Exp1(no treated group), though it was short of significance.

As for MSRA expression, both of the Exp. 2 and 3 increased significantly. With stark contrast, the Exp. 1 gene expression, however, decreased exponentially which would induce by the inflammation. Studies have claimed that MSRA has antioxidant and antiaging properties. The oxidative damage caused by inflammation predicts the overexpression of MSRA could omit the oxidants.[@CIT0023],[@CIT0024] Our study confirms this prediction. Also the intracellular of ROS could be reduced through the scavenging process by MSRA.[@CIT0029] The second prediction is considered by the result of Moskivitz et al, who depicted that the reduction of MSRA activity in mice brings about shorter lifespan.[@CIT0023]

This study used curcumin at two different doses of 1 and 2 mg/kg which both doses showed an anti-oxidant effect. Our study illustrated that MSRA activity increased significantly in Exp. 2 compared with Exp. 1, placebo and Control and this remained so for Catalase and GPx activity, while SOD activity rose sharply in Exp. 3. This meant that anti-oxidant activity of curcumin is highly dose dependent.

Curcumin may be used as an antiaging agent too. It would reduce the aging process and hair graying by increasing the MSRA expression and antioxidant enzymes' level by reducing the H2O2 production through the SOD and CAT changes. It will be interesting to evaluate the molecular level and gene expression of aging biomarkers as well.

There have already been many researches which introduce the effects of curcumin on antioxidant enzymes. Earlier studies in 2012, have demonstrated that SOD3 (extracellular copper-zinc SOD) protects against destructive effects which roots from ROS.[@CIT0030],[@CIT0031] In 2014, Aziza reported that curcumin rose the activity of SOD, protecting the enzymatic antioxidants via denaturation.[@CIT0032] Zhu et al (2015) have shown that SOD and GSH levels were significantly higher in the ARPE-19 cells treated with curcumin than in the non-treated ones.[@CIT0021] Also, Tengku-Siti-Hajar Haryuna et al (2017) have illustrated that curcumin could increase the SOD expression significantly which was due to the curcumin activity as an anti-oxidant agent. The mechanism of this anti-oxidant activity related to radical scavenging property. Likewise, curcumin does this activity via upregulation of endogenous anti-oxidant enzymes' expression like SOD, GSH and GSHPx.[@CIT0033],[@CIT0034] Other reports have illustrated that curcumin with lower doses can hinder the reduction the antioxidant enzyme GSH, whereas higher doses lead to a progressive decrease in GSH of red blood cells (with oxidative damage).[@CIT0035]

A notable factor that has an impact on these results is the nature of curcumin properties, which may alter if different dosage of curcumin is used. It may act as an anti-oxidant in lower doses and inversely as a pro-oxidant in higher one. Meanwhile, this finding was consistent with the other studies mentioned above.[@CIT0036]

However, there is a need to evaluate more different doses of curcumin to reach to a concrete conclusion.

Conclusion {#S0005}
==========

In conclusion, the curcumin was able to reduce inflammation and increase enzymatic anti-oxidant activity via the increased expression of MSRA and the augmentation of some enzymes level such as MSRA, SOD, CAT and GPx. Also, it might be used against inflammation caused by arthritis at moderate doses.
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